Abstract We review the effects of dynamical variability on clouds and radiation in observations and models and discuss their implications for cloud feedbacks. Jet shifts produce robust meridional dipoles in upper-level clouds and longwave cloudradiative effect (CRE), but low-level clouds, which do not simply shift with the jet, dominate the shortwave CRE. Because the effect of jet variability on CRE is relatively small, future poleward jet shifts with global warming are only a second-order contribution to the total CRE changes around the midlatitudes, suggesting a dominant role for thermodynamic effects. This implies that constraining the dynamical response is unlikely to reduce the uncertainty in extratropical cloud feedback. However, we argue that uncertainty in the cloud-radiative response does affect the atmospheric circulation response to global warming, by modulating patterns of diabatic forcing. How cloud feedbacks can affect the dynamical response to global warming is an important topic of future research.
Introduction
Clouds are an essential component of the climate system through their effect on shortwave (SW) and longwave (LW) radiative fluxes. With a globally averaged cloud-radiative effect of −20 W m −2 , clouds act to strongly cool the planet [1] . With global warming, however, clouds and their radiative effects are expected to change, providing a feedback that is most likely positive but highly uncertain [1] [2] [3] . To better understand the processes driving the cloud response, it is useful to distinguish between those related to circulation changes and those that are not; we refer to these as dynamic and thermodynamic processes, respectively [e.g., 4]. The focus of this review will be on the interaction between dynamics and clouds in the midlatitudes, and we will discuss clouds mainly in terms of their radiative effects.
Understanding the linkages between clouds, radiation and large-scale circulation is important for several reasons. First, studying cloud occurrence as a function of the dynamical state in models and observations is useful to assess the performance of cloud parameterization schemes and may reveal the causes of cloud-radiative biases in climate models [5] [6] [7] . Furthermore, the cloud-radiative response to dynamical variability is still poorly understood but may have significant regional climate implications, affecting ocean-atmosphere coupling time scales and the persistence of modes of sea surface temperature (SST) variability [8, 9] . Finally, understanding cloud-radiative responses to atmospheric circulation changes is important in the context of global warming, since most state-of-the-art climate models predict poleward shifts of the midlatitude jets, or equivalently positive trends in the annular mode indices in both hemispheres [10, 11] .
Our ability to quantify interactions between clouds and dynamics has been hampered by the lack of high-quality measurements of clouds and radiation with sufficient spatial and temporal coverage. As such measurements have become increasingly available in recent years, however, a number of studies have investigated the interactions between clouds and dynamics, allowing our scientific understanding to expand rapidly. In this review paper, we assess our understanding of the linkages between midlatitude dynamical variability and cloud-radiative effects, focusing on three questions:
1. How do the dominant modes of dynamical variability affect clouds and radiation? 2. Does the dynamical response to global warming affect cloud feedbacks? 3. Do model biases in dynamics cause biases in clouds and radiation?
These questions are addressed in the next three sections, based on a synthesis of the recent literature. We then discuss some important implications of previous findings and identify open questions for future research, before concluding with a summary of this review.
Effects of Dynamical Modes of Variability on Clouds and Radiation in Midlatitudes
We begin by reviewing the effects of the dominant modes of dynamical variability on clouds and radiation in the midlatitudes, in the context of natural (unforced) variability. In the extratropics, large-scale dynamical variability is dominated by the annular modes, consisting of meridional shifts of the jets and storm tracks with associated anomalies in vertical motion and precipitation [12] [13] [14] . It is tempting to believe that the meridional displacement of synoptic systems should result in similar shifts in cloudiness and cloud-radiative effects (CRE), as suggested by several studies [1, [15] [16] [17] [18] . Recent research has revealed a more complex picture of the interactions between dynamics and clouds, however. Here we discuss SW and LW CRE anomalies associated with the annular mode in both observations and models.
The relationship between SW CRE and jet latitude in models and observations is summarized in Fig. 1a for the Southern Hemisphere (SH). In satellite observations, the SW CRE response to a 1°jet shift appears to be relatively weak and noisy in the SH, with regional anomalies of the order of ±3 W m −2 or less in December-February ( [19] , their Fig. 4b ), and much smaller in the zonal mean (Fig. 1a , red curve). It does not reflect a simple poleward shift of total cloud fraction. Although jet shifts are associated with clear annular anomalies in high and low cloud amount [17] , the relative weakness of the SW CRE response may be due to canceling contributions from high and low clouds ( [17] , their Fig. 3a) . In climate models, Grise and Polvani [19] showed that considerable disagreement exists among models on the jet-SW CRE relationships. Even in models with strong jet-SW CRE coupling, however, the effect of a poleward jet shift on zonal-mean SW CRE appears to be relatively modest, with anomalies generally smaller than ±2 W m −2 per degree of jet shift in austral summer (Fig. 1a) . The hemispheric-mean SW effect of a poleward jet shift is negligible in the SH in climate models because contributions from the subtropics and midlatitudes tend to cancel each other ( [19] , their Fig. 3c ). In contrast, the LW response appears more robustly associated with jet shifts [19, 20] . The observed LW CRE response to northern annular mode (NAM) variability can be understood in terms of the response of upper-level clouds to anomalous vertical motion [20] , so that coherent meridional dipoles in cloud incidence and LW CRE occur over the North Atlantic and Europe, with positive cloud incidence and LW CRE anomalies poleward of the jet, and negative anomalies equatorward thereof [20, their Figs. 3 and 4] . Similar observations can be made in the SH (Fig. 1b) , where the zonal symmetry of the dominant mode of dynamical variability produces fairly annular LW CRE anomalies, with good agreement between observations and models (Fig. 1b) [19, their Figs. 3a and 4a]. All these results are consistent with the conventional wisdom that mid-to high-level cloudiness robustly increases with both mean upward motion [7 (their Fig. 5c ), 21] and vertical velocity variance, the latter measuring storm track activity ( [7] , their Fig. 7a ). Thus, analyses of both models and observations show that upper-level clouds tend to follow meridional shifts of the jets and storm tracks, producing robust meridional dipoles in LW CRE about the midlatitudes.
The fact that the SW CRE response to jet variability is much less robust than the LW response is noteworthy and probably reflects an important role of low-level clouds, whose representation is known to be problematic in climate models especially over the Southern Ocean [22] . It is possible that boundary-layer clouds are not related to free-tropospheric vertical motion anomalies in a simple way [23] . Li et al. [7] found opposite responses of high and low clouds to 500-hPa vertical velocity anomalies in observations of midlatitude regions (their Fig. 5c ), which seems to support the results of Grise et al. [17] .
Although annular modes and associated jet shifts are the dominant mode of dynamical variability in the midlatitudes, other types of variability may also affect clouds and radiation. Using a storm tracking algorithm, Tselioudis and Rossow [24] demonstrated a clear relationship between midlatitude storm intensity and cloudiness, such that more intense storms produce more cloud and larger SW and LW CRE. This appears consistent with the findings of Li et al. [7] associating larger vertical velocity variance in midlatitudes with enhanced cloudiness. Variations in storm track intensity have recently been shown to occur naturally in association with a mode of hemispheric-scale dynamical variability, the baroclinic annular mode [BAM; 25, 26] , with a dominant period of 20-30 days. The BAM might thus be associated with large-scale variations in cloud and radiation; the magnitude of this possible effect remains to be quantified, however, and the dominance of the low cloud effect on shortwave radiation may greatly mute the influence of storminess.
While we describe the SW and LW CRE responses to midlatitude dynamical variability as relatively weak on zonalmean scales, the CRE responses are non-negligible regionally and their possible relevance remains to be studied. Grise and Polvani [19] showed that transient SST anomalies following CO 2 quadrupling reflect the jet-CRE relationships in coupled models because the rapid poleward jet shift affects the transient CRE anomalies. However, it is unclear to what extent this result applies to more realistic scenarios with gradual CO 2 increase and circulation change. Another possible impact of CRE responses to dynamical variability is on the persistence of modes of atmospheric and oceanic variability, since the cloud-radiative anomalies could act to amplify or dampen temperature variations associated with dynamical variability; we explore this idea further in the Discussion. It should be noted here that zonal-mean jet latitude typically varies by several degrees on monthly time scales, causing monthly CRE anomalies much larger than those presented in Fig. 1 . Finally, dynamics-CRE coupling may be relevant to cloud feedbacks, since the atmospheric circulation is expected to change with global warming. In the next section, we investigate the extent to which dynamical changes contribute to cloud feedbacks in climate models.
Section Summary
& Observed CRE responses to jet shifts are generally weak on zonal-mean scales. & The SW CRE response to jet shifts is likely determined by the complex behavior of low clouds, while the LW response largely follows vertical motion anomalies. & Changes in storm track intensity also affect clouds and radiation, but the magnitude of this effect is uncertain.
Dynamical Changes with Global Warming and Cloud Feedbacks
Due to the robust poleward shift of midlatitude jets and storm tracks seen in global warming simulations [11] , it has been proposed that midlatitude storm track clouds might also shift poleward toward regions of reduced insolation [16] [17] [18] , which could result in a hemispheric-mean net positive cloud feedback from the shortwave effect [17] . This idea is among the positive cloud feedback mechanisms discussed in the last Assessment Report of the Intergovernmental Panel on Climate Change [IPCC AR5, chapter 7; 1]. As discussed in the previous section, however, the SW CRE response to a jet shift is not a simple meridional dipole, being likely determined 19, 28] . The CRE responses are adjusted to account for cloud masking effects, as in Soden et al. [2] by the complex behavior of radiatively important low clouds, and the multi-model mean response is negligibly small in the hemispheric mean. Focusing on the effects of SW radiation, Kay et al. [27] noted that the cloud-radiative response to jet variability is considerably smaller in magnitude than the forced response to RCP8.5 forcing in two successive versions of a climate model, CCSM4 and CESM-CAM5. Although belonging to the same family, the two versions feature very different cloud responses to jet variability, with a much larger, dipole-like response in CCSM4 [Figs. 3c and S2c in 27]. Even in CCSM4, however, the contribution of the poleward jet shift to the RCP8.5 cloud response appears to be second order. Performing a similar analysis on all available RCP8.5 experiments, Ceppi et al. [28] reached a similar conclusion (their Fig. 5 ). Kay et al. [27] pointed out that the RCP8.5 cloudradiative response in CESM-CAM5 reflected large changes in low cloud liquid water content, presumably driven by thermodynamic processes related to warming and boundary-layer stability changes.
Kodama et al. [29] studied the effects of warming on clouds and radiation from the perspective of individual midlatitude storms, by compositing over storms identified by a stormtracking algorithm in an aquaplanet model. Upon SST warming, they found a generalized increase in cloud liquid water at low levels, causing a substantial negative SW cloud feedback and a more modest positive LW feedback. This negative SW feedback at mid to high latitudes and the associated cloud water increases are robust features of global warming model experiments [27, [30] [31] [32] . While some of the cloud water increase was attributable to an enhancement of storm amplitude with warming, Kodama et al. [29] were unable to explain the overall cloud water increase in terms of storm intensity, suggesting it is unrelated to dynamical changes. They also concluded that the poleward shift of the storm track did not appear to significantly contribute to the SW and LW responses in their model.
We confirm and complement previous analyses by calculating the Bjet-related^component of the RCP8.5 cloudradiative response for SW, LW, and net radiation (red curves and shading in Fig. 2 ), plotted along with the total response for comparison (black curves in Fig. 2 ), similar to Kay et al. [27] and Ceppi et al. [28] . The jet-related component is calculated by regression analysis of CRE onto monthly mean jet latitude [19] , using the 1950-1999 period in the historical experiments of 32 CMIP5 models. The regressions are calculated for each calendar month separately, but only annual-mean results are shown. All CRE responses are adjusted to account for cloud masking effects of temperature, moisture, and surface albedo anomalies, following the radiative kernel method of Soden et al. [2] . The effect of the poleward jet shift is simply obtained by multiplying the jet-CRE regression coefficients with the jet response for each month. Because the North Atlantic and North Pacific jets can vary independently and feature different global warming responses [11, 33, 34] , the analysis is performed for each basin separately.
The SW responses feature large meridional dipoles about the midlatitudes, which are partially opposed by the LW responses. While such structures could be interpreted as resulting from a poleward expansion of the circulation, the red curves in Fig. 2 clearly show that this is not the case. It is also evident that the dynamical component is considerably smaller than the RCP8.5 anomalies for all radiation types and in all basins. The dynamical component of the CRE response in the Northern Hemisphere (NH) may be underestimated due to the zonal averaging, since the NH atmospheric circulation response features substantial zonal asymmetry [34] . While this may explain the smaller dynamical CRE response compared to the SH, it seems unlikely that accounting for this asymmetry would substantially affect our main conclusion. Thus, while the dynamical component of the cloud feedback can be a first-order term on a regional scale, particularly in the tropics [4] , in a zonal-and annual-mean sense, the thermodynamic component appears to be dominant around the midlatitudes.
It has also been proposed that a cloud feedback could result from changes in storm track strength rather than latitude [24] , since observations reveal a positive correlation between storm strength and cloudiness [7, 24] . Tselioudis and Rossow [24] anticipate an overall negative cloud feedback due to increasing storm strength, somewhat mitigated by decreasing storm frequency. However, projected storminess changes in CMIP5 are robustly positive only in the SH [35] . In addition, the results of Kodama et al. [29] suggest that the strengthening of storms explains only a small fraction of the negative cloud feedback in mid to high latitudes. Hence, while the exact magnitude of this effect remains unclear, it is most likely not a major contributor to the cloud feedback.
In summary, the results in Fig. 2 , along with previous research, suggest that the meridional distribution of the changes in cloud amount, optical depth, and altitude responsible for the SW and LW global warming responses are not strongly coupled to the atmospheric circulation response, but rather associated with the thermodynamic effects of greenhouse gas forcing and its associated warming. Some implications of this result are explored in the Discussion.
Section Summary
& The poleward shift of the jet streams and storm tracks is a minor contribution to cloud feedbacks. & Storminess changes also appear unlikely to significantly affect cloud feedbacks. & Extratropical cloud feedbacks are mainly driven by thermodynamic processes.
Model Biases in Dynamics and in Cloud-Radiative Effects
We now briefly examine the effect of dynamical biases on the representation of clouds and radiation in climate models. It is of interest to determine whether model biases in CRE occur due to a wrong representation of dynamics or because the models are unable to correctly depict the mean CRE for a given dynamical state. To address this question, a number of studies have analyzed the dependence of clouds and radiation on extratropical dynamics, with special focus on midlatitude storms [6, 21, 23, 36, 37] . This question is of particular interest in the Southern midlatitudes, where a majority of CMIP5 models tend to underestimate the amount of reflected shortwave radiation [6, 22, 36] . Govekar et al. [21] compared the representation of midlatitude cyclones in observations with the ACCESS climate model and found that part of the CRE bias was caused by an underestimation of the strength of storms, associated with an underrepresentation of cloud fraction. However, the model was also unable to accurately reproduce observed relationships between cloud fraction, vertical motion, and relative humidity, suggesting that part of the model CRE biases is unrelated to dynamical biases.
Studies have also linked CRE biases over the Southern midlatitudes to a systematic underestimation of cloudiness in Fig. 2 CRE response to RCP8.5 forcing (thick black) and effect of poleward jet shifts (thin red, 90 % intervals for the models in light red shading, observations dashed). The jet-related component of the CRE response is obtained by regressing CRE onto monthly mean jet latitude (as in Fig. 1) , then multiplying the regression coefficients with the RCP8.5 jet shift for each model. The annual-mean, multi-model mean poleward jet shift is 1.7°( SH), 1.3°(N Atlantic), and 1.1°( N Pacific), but we calculate the jet-related response for each month separately before taking annual averages. The RCP8.5 response is defined as 2050-2099 minus 1950-1999. The observations are based on CERES-EBAF CRE data [49] (March 2000-February 2014) combined with ERA-Interim zonal wind [50] . The N Atlantic basin is defined as 60°W-60°E, and the N Pacific as 140°E-120°W the cold sector of storms, particularly linked to low-and midlevel clouds [6, 21, 36, 38] . Williams et al. [36] ascribed this bias to insufficient vertical resolution of the boundary layer, which affects the boundary layer depth. They also noted that models run in hindcast mode (initialized from reanalyses) develop model-specific CRE biases within a very short time frame, mainly in the first 24 to 48 h after initialization, when the dynamics are still very close to the reanalysis. Similarly, Ma et al. [37] found that CMIP5 models run in hindcast mode rapidly develop forecast errors similar to their climate biases, which they ascribed to the model physics (including cloud parameterizations). Taken together, these results strongly suggest that the CRE biases are not caused by dynamical biases, but rather by physical parameterizations and model resolution.
Section Summary
& Model biases in clouds and radiation are due to model physics, not to biases in dynamics. & CRE biases have been linked to insufficient low-and midlevel cloudiness in the cold sector of storms.
Discussion
Understanding and constraining cloud feedbacks is one of the most pressing problems in current climate research. The most recent generation of state-of-the-art climate models still suffers from large uncertainty in the cloud-radiative response to global warming, which affects climate sensitivity estimates [1, 3, 39] . From this perspective, one important implication of the results above is that constraining the circulation response to global warming may not significantly reduce the uncertainty in the extratropical cloud feedback. This underlines the importance of studying the thermodynamic processes relevant to the cloud response. Around the midlatitudes, changes in optical depth associated with the amount of cloud liquid water appear to be particularly relevant to the cloud feedback, driven by the SW effect of low clouds [27, 31, 32, 39, 40] . Further research is necessary to understand how the cloud liquid water response to climate change depends on processes such as changes in boundary layer properties, phase changes in mixed-phase clouds, increases in moisture availability with warming, and aerosol forcing. Understanding the effects of such processes may also help identify observational constraints on the climate change response.
In this review paper, we have mainly discussed how dynamical changes affect clouds and radiation. However, there is increasing evidence that cloud-radiative effects can also feed back onto the atmospheric circulation, by regulating spatial patterns of diabatic heating. We believe that the most pressing open question in the field of cloud-midlatitude dynamics interactions concerns the extent to which clouds and radiation can affect the atmospheric circulation. It has been shown that cloud-radiative biases affect the general structure of the circulation (Y. Li et al., The influence of cloud radiative effects on the large-scale atmospheric circulation, paper submitted to Journal of Climate), and CRE biases appear to explain part of the circulation biases in climate models [41, 42] . Additional research is needed to address the following two questions:
1. To what extent can cloud-radiative effects dampen or amplify atmospheric modes of variability?
We have shown that the dominant mode of extratropical dynamical variability, consisting of a meridional shift of the midlatitude jet, yields relatively small changes in CRE on annual-and zonal-mean scales. Nevertheless, the possible importance of such seemingly small CRE variability remains to be assessed. For example, Li et al. [20] point out that the LW anomalies associated with the NAM tend to dampen the temperature anomalies during winter, which could reduce the persistence of the annular mode. In addition, SW anomalies could affect the magnitude of SST anomalies driven by dynamical variability, affecting ocean-atmosphere coupling time scales. To our knowledge, the impact of cloud-radiative anomalies on the persistence of dynamical modes of variability has not been quantified. Such an effect would likely be seasonally dependent, since the relative magnitude of the SW and LW effects is a strong function of the season.
2.
To what extent can cloud feedbacks modulate the atmospheric circulation response?
The current generation of climate models suffers from large uncertainty in the representation of the extratropical circulation response to climate change [e.g., 11, 43] . While a substantial fraction of this uncertainty is related to dynamical biases [44] , there is increasing evidence that cloud processes also contribute to the spread in the dynamical response. For example, the meridional structure of SW cloud feedbacks has been related to inter-model differences in the jet response [28] and in ITCZ shifts [45] through differences in the spatial patterns of warming. The multi-model mean SW cloud feedback in the RCP8.5 experiment of CMIP5 consists of a meridional dipole with enhanced subtropical warming and a negative feedback at high latitudes, which tends to enhance the equator-to-pole temperature gradient; such a response could contribute to the poleward shift of the midlatitude jet and storm track [28, 46] . Using a cloud-locking procedure in two climate models, Voigt and Shaw [47] showed that LW cloud feedbacks also tend to enhance the poleward shift of the midlatitude jets upon an SST increase; they ascribed this result to the stabilization of the tropical troposphere by the LW cloud feedback, which acts to shift the baroclinically unstable regions poleward. This implies that constraining cloud feedbacks is important not only in terms of climate sensitivity but also because the diabatic forcing patterns associated with clouds likely contribute to the dynamical sensitivity to global warming [48] . Thus, future research should investigate how SW and LW cloud feedbacks separately contribute to the dynamical response and how much of the inter-model spread in the circulation response can be ascribed to uncertainty in cloud feedbacks.
Conclusions
This study reviews our understanding of interactions between midlatitude dynamics, clouds, and their associated radiative effects, with a focus on large-scale climate implications. We summarize our review in terms of the three questions defined in the introduction:
1. How do the dominant modes of dynamical variability affect clouds and radiation? Jet variability has a small but non-negligible effect on SW and LW CRE on zonal-mean scales. The observed SW radiation response does not reflect a simple poleward shift of the clouds, and models disagree on the representation of this effect. Results suggest that the SW CRE response may be governed by the behavior of low-level clouds, whose representation is problematic in models. In contrast, the LW CRE response to jet shifts reflects a simple meridional shift of the radiatively relevant mid-to high-level clouds, following vertical motion anomalies. This response is robust and well represented in climate models. In addition to jet shifts, storm intensity changes also impact CRE, but the importance of this effect for CRE variability remains to be assessed. The possible relevance of cloud-dynamics coupling to the persistence of modes of dynamical variability is a topic of future research. 2. Does the dynamical response to global warming affect cloud feedbacks?
The dynamical response to global warming in midlatitudes is dominated by a poleward jet shift. However, this effect appears to explain only a modest fraction of the cloud feedback in climate models. While the impact of storminess changes has not been accurately quantified, this is likely a second-order effect for clouds and radiation. We conclude that thermodynamic effects on cloud amount, optical depth, and altitude must control the cloud response to global warming around the midlatitudes. 3. Do model biases in dynamics cause biases in clouds and radiation? Cloud-radiative biases occur in climate model simulations that are nudged to the reanalysis, in which dynamical biases are minimal. In addition, when compared to observations, models are unable to correctly simulate cloud properties for particular dynamic and thermodynamic states. This indicates that cloud-radiative biases are primarily linked to parameterized physics rather than dynamical biases. In addition to the cloud schemes, vertical resolution in the boundary layer has been shown to be important for low clouds.
We conclude by highlighting the two future research directions that we see as most important with regard to this review: (a) understanding the impact of cloud feedbacks on the atmospheric circulation response to climate change and (b) identifying and understanding the thermodynamic (non-dynamics related) processes that control extratropical cloud feedbacks. Progress on these issues will be necessary to reduce uncertainty in climate sensitivity estimates and constrain the atmospheric circulation response to global warming.
